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"I. INTRODUCTION

At the BRL, as in many other ballistic laboratories, closed bomb
experiments are used to provide information on the burning characteristics
of gun propellants. One significant advantage of the closed bomb technique
is its ability to provide burning rate data over a wide pressure range froi
a limited number of experiments. A further advantage is that the combustion
conditions in the closed bomb approximate the combust lon conditiolns in the
gun. Significantly, the bomb permits examination of propellants in the
exact geometry and granulation as used in the gun. The principal disad-
vantage of the closed bomb method, however, is the complexicy of the data
reduction technique. Tied in with this is the necc.,ity to make a variety
of assumptions and simplifications during the theory development to make the
treatment tractable, even when using a computer.

Early lumped parameter interior ballistic treatments viewed closed bomb
propellant burning rate data as empirical information to be adjusted by the
ballistician, according to somewhat subjective criteria, to help obtain a
suitable ballistic match bctween the measured gun firings and the code
simulations. In effect, the doctored burning rates. were used to help

* iaccount for factors not explicitly treated in the interior ballistic models;
factors such as erosive burning effects, bore friction, and heat loss.

In the 1970's, with the development of iicreasingly sophisticated
interior ballistic codes which sought to include more of the physics
involved in the interior ballistic event, a strong interest arose in burning
rates as iatrinsic propellant properties as opposed to empirical infor-
mation. This interest spawned the development of a number of closed bomb
burning rate codes incorporating, in their turn, a more exact treataent of
the combustion process in the bomb. Notable among these were the works by
"PriceI. Robbiris2 and Krier. 3  The development of the codes was, in turn,
followed by comparison studies of the relative values of burning rates
ootained from closed bombs and strand burners. Since strand burner

.r..measurements only involve the measurement of time for a given length of

sample to burn at a fixed pressure, agreement between the two methods would
constitute an excellent calibration of computed closed bomb burning rates

"C.Price and A. Juhasz, "Versatile User-Oriented Clo. .1 Bomb Data Reduction[- Program (CBRED)," Ballistic Research Laboratories Report, BLL Report No.

2018, September 1977.

2F.W. Robbins and A.W. Hiorst, "Numerical Simulatlon ()f Closed Bomb

"Performance Based on BLAKE Code Thermodynamic Data," Indian Head Memorandum
Report, IHMR 76-259, November, 1976.

"Krier, "Extracting Burning Rates for MuitipertoraLted PropelLant, From
Closed Bomb Testing," Aeronautical and Astronautical Engineering Department,

". University of Illinois at Urbamia-Champaign, Technical Report AAE 78-20, tI.LU-
ENG 78-0502, July, 1978.
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4 5
against measured quantities. At least two independent studies confirmed
the agreement between the methods. The comparability of closed bomb burning
rate data (on identical propellant samples) from various US installations
was examined under a JANNAF sponsored round robin study. 5 The agreement
between installations was, ultimately, quite good. This indicated that the
differences in computational methods were ,minor as far as he final results
were concerned.

The results of the round robin study brought up the question as to the
necessity of modeling heat loss to the bomb and if necessary, what kind of
model should be used and how rigorous should it be treated. The various
closed bomb codes used in the round robin for data reduction did use
different heat loss treatments. The SIMPCP2 code, which was used by Naval
Ordnance Station for data reduction, has a heat loss treatment that derives
a constant from the difference between the theoretical and the observed

maximum pressure and multiplies that constant by various pressures to get
the heat loss at that pressure. The Large Caliber Weapon Systems Laboratory
at Dover reduced their data using NCBOMB, which models heat loss indirectly
by using P/Pmax for burn rate. The Naval Weapons Center at China Lake uses
a modlfied version of CBRED for data analysis. The CBRED2 code was used by
the Ballistic Research Laboratory for the round robin study. This code has
two heat loss options that include a constant averaging based on the

difference between the observed pressure and the adiabatic prediction, and a
proportional method derived from the post Pmax dP/dt data. The constant
averaging, or standard, option computes the total heat loss by taking the
"difference between the computed adiabatic internal energy of the system and
the i"ternal energy observed from P * This is then divided by the total
burn time to get an average heat loss rate. The proportional option
analyzes the heat loss into its radiative and convective components. It is
assumed that during the actual event, the heat loss is due to both
convection and radiation to the chamber walls. The further assumption is
that after burning has ceased, the entire heat loss is due to radiation
alone. Using the ideal-gas law, a temperature-time profile of the post Pmax
data is obtained. This Is matched to a radiative heat loss rate cawculated
from the same dP/dt data. Now, this array along with the wall surface area
is used to generate a radiative heat transfer coefficient that remains a
constant Lhroughout the analysis. Once the radiative heat transfer
coefficient is known, this is used in conjunction with the mass generation
rate to compote a convective heat transfer coefficient at every point in tLe

a•.alysis. The program now computes the heat loss rate for each data point
iusing standard heat transfer techniques.

Locally, we became concerned when we noted significant discrepancies
between closed bomb burning rates of identical propellants reduced using the

-. Mitchell and A. Hlorst, "ComparitLive Burning Rate Study," CPIA
* PubLication 281, Bulletin of the 13th JANNAF Coumbustion Meeting, Chemical
* .P1rcpulsion In format ion Agency, Johns Hlopkins University/Applied Physics

Laboratory, September, 1976.

"5 A.A. ,huhasz, 1d., "Round Robi.,i Results oA the Closed Bomb and Strand

4 Burner," Applied Physics Laboratory, CPIA Pubtication 361, July, 198?.

8
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same reduc t io code, CBRiL02. The di fference in the da~ta could be traced to
the bombs in Qhich the samples were fired. one of thebe was thle standard
200 cc chamber uISed in the round robin study. The other was it fixture
adapted froin the breech section of a 0.50 caliber gu.A check on. thle
ignition miethods failed to account: for Lhe difference. An examinationi of
the fi~ctures, however, revealed significant differences in tile surface area

'Ato volume ratios (sly) of tile two devices (2.67 cm 1i- in tire (0.50 cal.
fixture and .924 cnr1l in the 200 cc device) ant! in the thermal

conductivitie2s oL the cliamber walls. (The 0.50 cat. fixture used at brass

cartridge case to contain the propellant whIle the walls of the 200 cc bomb
were steel). The questiona comne down to whether thle dlifferences noted in
burning rates could be due to increased heat loss during burning as d result
of the increased s/v and/or increased thermal conduictivity of the brass
case-lined 0.50 caliber fixture.

Coincidentally a series of experiments had been Set LIP to confirm the
accuracy of the liIAKI, code. The experiment involved varying the s/v ratio

of thle closed bomab (1-5 cm 1), by using steel coil. inserts, for multiple
Loading densities (0.1-0.4 glcc). The proipellant was to he a fast burning,
single base propellant. The decision was made to use the data [ruin that
series of closed bomb shots; au a starting point and add Some additional
shots using it propellant with a slower burning rate while replacing the
steel coils, usedl to vary sly, wtth brass coils to round ouit thle matrix.

11. EXPERIMENTAL

Closed chamber tests were performed in the 850 MPa test fixture
described in Fig. I anld nlamiutlactur-ed by liarwood Eng ineering. The chamber
cavity was 10.9 cin long and 5.08 cin in diameter with a hemispheric-al. rear
inner surface. Tile volumfe used for data calculations was 210 cc. Pressure
mneasuremnerts were inode with a Kistler 0C4tasce tid into a Kistler
504. chrarge amnplif ier. Data acquisition was madie onl a Nic-olet Explorer Ill
digital oscilloscope, followed by dlata reduction on aI PUP 11/34 coimpiterA ~Using tire CHREI)2 code.

The surface area to volume ratios were adjuisted by using Lsteel Or brass
insert coils of varying didineters and lies tiig onie ins ide tihe other whe
nrecessarry. These ratilo., ranged [roin 0.924 cmn'- to 5.05 cm'1. Fabrication

tof the coils was done onl at mass, basis by first. determining the mlass per unit

lenrgth of the wire in use, calculating tire volume that thle coil was to
occupy, wrap)ping tire wire arounid a suitable maudrelI, amid trimming the
resulting coil. to obtain tire correct inass.

Samples were ign ited rusing an Atlas M4-101) electric mnatch with 1 g cleanl

h- urning igiri tion miratetrial (CHIi) erc lo.,;d in a dac roil patch tied aro~und the
iread of the inatchr. CHI , rat her thani black pOWLICi 'T W- Use as tire igmitIter
mnaterial. for womre exact tirernollmcemical. caicul.iatiomis iii the MMEK1 code. The

iprope I. lait used for lBosL of tire firings was M-10, Lot RAD-I'L-48 1-27 * A
limiated ilninher of Shots were f.ired using NOSOI. 163, Lot RA- 1-1I . Tihe NOSOL
363 was fired witih two separate web sizes, 0.271 cmn and 0.031 cal. All of1
the samples we re p repa red itimie(i ht Ldy hefo0re fihring according Lo our- usual

0 ~~p rocedure iir whichi the saumplec was bagged In it a ell ohamlmbtý Luhe wi th Lire
igi ItL e r I.n tfire f ro ntL suetL lo~i o f tire c hatrge (see ig 2) 'rire- s.rmmp 1)Le S
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\%N were closed by tying the cellophane bag around the match leads with dacron
thread. For calculation purposes, the mass of each component in the charge
was recorded (dacron, match, CBI, cellophane, propellant). Loading of the

closed bomb fixture was accomplished by attaching the charge leads to the
firing electrode, placing the appropriate coils around the charge, and

inserting the entire assembly as a unit. The exceptions to this were the M-

10 and the NOSOL 363 both at s/v of 5 cm- and loading densities of 0.4 g/cc

"and 0.3 g/cc respectively. These samples were, by necessity, prepared by

enclosing the coils in the cellophane with the charge. Each matrix element

was assigned a number and a random number generator was used to determine
shot order. Sample weights ranged from 17.5 g to 84.0 g to give loading
densities from 0.1 g/cc to 0.4 g/cc.

"Ill. RESULTS & DISCUSSION

The two propellants used in the experiment: a single base, fast burning

* M-1) (web=0.058 cm) and the two samples of a slower burning, double base

NOSOL 363 (web=0.271 & 0.081 cm), showed the same trends for the various
comparisons that were done. The constant heat loss option reductions show
little change in the extracted burning rates from varying either s/v or
loading density. The reductions done using the proportional heat loss
option show a continual increase in slope at constant loading density as s/v
increases. Differences start to show up between the constant and

"*" proportional options as s/v increases past one. Experimental results from

use of the brass coil turned out as expected. The reductions of the shots
using brass at s/v of three were very similar to those using steel coils at
s/v of five.

We expected the maximum pressure to decrease, as s/v increased at the
"same loading density, due to the increased surface area extracting more heat
From the chamber gases during the pressure rise. The initial results
indicated that, indeed, the experiment did work in the expected manner. As

rcan be seon in Table 1, as s/v increased at any constant loading density,
the maximum pressure obtained decreased.

The CBRED2 data reduction program gives results in graphical form of
burn rate vs. pressure. Graphs can be produced on log-log plots to give the
"burniwg rate exponent but as we wero doing a comparitive study, the decision

* was made to use linear scales here as the log-log scales can mask discrete
variations in the burn rate. All of the data was reduced using both of the
heat loss options available, constant and proportional. A few shots were
also reduced with the assumption that therv was no heat loss. The multiple
heat loss reductions were decided upon after seeing the initial data
reduction results, mentioned in the previous paragraph. Three repetitious
of each matrix option were fired and average plots were constructed from

plot overlays within each opLion. The data was then compared by over-

plotting the various data sets. Each one of the variables; heat loss,
loadinlg density, and s/v was studied while keeping the other two constant.

The derived burn rates of the data, reduced using the constant heat
loss option, show good agreement as the s/v changes at a constant loading
"density. This can be seen by examining Fig. 3. The agreement is especially

r;
guod at 0.3 g/cc, which gives a maximum pressure simiLiar to what a large

12



TABLE 1. THE AVERAGE MAY.IMUM PRESSURE (MPa) AT EACH MATRIX OPTION

FROM THE M-10 SHOT WITH THE STEEL, COILS

... s/v LOADING DENSvrY (g/cc)

(crm1 ) 0.1 0.2 0.3 0.4

1 120.9 266.5 443.9 662.1

2 116.0 257.1 442.8 654.7

3 111.9 253.2 438.8 652.2

S5 108.0 247.5 424.9 653.7

*1.

"I:
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Ir

caliber gun typically experiences. When the data is compared at constant
s/v over all loading densities, the burn rates again compare favorably. As
Fig. 4 shows, the slopes at loading densities of 0.2, 0.3, and 0.4 g/cc are
virtually identical. The slopes at 0.1 g/cc vary from the others, but the
correlation at this loading density is seldom good. Any auount of ignition
delay, but especially long ones, can have large effects at such a low
loading density. It may be possible to input tabular, rather than average,
thermochems and get better agreement.

The derived burn rates of the data reduced using the proportional heat

less option do not agree as well as those from the constant heat loss
option. These burni rates increase 10%-12% as s/v changes from one to five
at any one loading density (see Fig. 5). When the data obtained at the
various loading densities is compared at constant ;.,v ratios, the slope
decreases about 8% at s/v of 5 car' as the loading density goes from 0.1 to
0.4 g/cc (see Fig. 6). At s/v of 1 cm-I1 , the slopcs remain almost constant
as the loading density changes.

The overall differences in the results between the constant and
-; proportional heat loss options are interesting. Close examination of the

A_, proportional results shows that there is a small but distinct slope change,
or dip, in the regime of the maximum mass generation rate. As the s/v ratio
increases, this variation in slope also increases. This is to be expected
when one takes into consideration how the heat loss coefficient affects the
mass generation rate in the data reduction program.

The equation below represents the rate of conversion of solid to gas
(mass burning rate) in CBRED2.

dwp/dt (A + B) / - P[1/p) - n]
•. S op

where:

"= gas constant for the system

T isochoric adiabatic propellant flame temperature4 op

P - pressure

- propellant covolume

p= propellant density

•.,4 = V dP
A - S dt (System Volume Term)

B " 1L (y - 1) (Heat Loss)

As can be seen, the computed mass burning rate increases if the heat
loss term (B) increase:,. In the constant heat losa option, the value of B
remains the same throrghout the reduction. For the proportional option,
that same heat loss term increases when the instantaneous mass flow
increases, which implies that the two terms feed each other. If the heat
loss term can be drastically increased, as in our experiment, by purposely

15
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introducing coils to increase the surface area available for beat transfer,
then the computed burning rate will he artificially elevated at high mass
"generation rates.

Comparisons of the constant and proportional h'at loss options show
little difference at s/v of one. In fact, one of LIeL matrix options was
reduced assuming no heat loss and the resultant bur ing rate curve is
indistinguishable from either the constant or propo, tional option (see Fig.
7). As s/v increases, however, the proportional opL Ion continually shows an
increase in burning rate; relative to the constant option (see Fig. 8).

4.,o This is as much as 17% at s/v of five.

The above results suggest that, with CBRED2 and possibly other data
reduction programs, closed bomb burning r-te data, obtainied with vessels
with "low" s/v values, is not very sensitive to heaL loss treatment.
However, the rules appear to get modified as the s/v increases past 2 cm-1.
This is fortunate because typical closed bolnbs have a s/v of less than
two. All the closed bombs used in the round robin exercise had a s/v of
close to 1 cm-I. Closed bombs in use at the BallIstic Research Laboratory
"(with the exception of the 0.50 cal. fixture mentioned in the introduction)
all have a s/v between 0.8 and 1.7 cm-]. For example, our main 200 cc bomb
is 10.5 cm long and 5.1 cm in diameter to give a s/v of 0.92 cm-i. The
,primary 700 cc vessel has an inside cavity 34 cm hug with a diameter of 5.1
, ci to give a s/v of 0.85 cm-I. According to these results and the bombs we
presently have in operation, using either one of the heat loss options
should give us valid buraing rate data.

Significantly, it was this program, CBRED2, that was used by the BRL
for its coiitrlbutions to the JANNAF Rouad Robin. Those results were in good
agreement with the other closed bomb results as well, as the strand burner
data that was presented. The CBRED2 burning rate data, therefore, has been
"calibrated" against other data reduction techniques as well as against
directly measured burning rate values. Any effects we may have observed
here at high s/v values for the proportional option are negligible under
normal closed bomb conditions.

Up to this point, all of the results have been taken [ruin data obtained
by shooting M-1O, with and without steel coils. The burning rates computed
with the constant heat Loss option all show good slope agreement and little

sensitivity to large changes in s/v value. The proportional option, while
being much more rigorous in its heat loss treatmoent, appears to have some
sensitivity to fairly large s/v changes. The two reductions that were done
assuming no heat loss were not sufficient to get any rca1 trends, but at
"0.2 g/cc and 1 cu-I the results were almost identical to the other two

-" ' options.

After observing thre results froin thee il-I1) firings, whicih used a single
base propellaut with a small web to give a fast burnirg granulatLion, the
decisior was made to iucrease the matrix usting a slower l)ropclLant. Some
unusual effects have been observed on the burnimrg r ltus of very -;tow burning

A '•"]grains and we were interested In finding out how Liho inicrease in s/v would
uinf luence results from a slower burnI rig charge. T:'h propel. lairt selected was
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some single perforated NOSOL 363 extruded in- two different web sizes (0.081
cin & 0.271 cm) from the same lot. We decided to incorporate both of them
into the mnatrix at 0.3 g/cc and s/v ratios of I & 5 ciII.Te eue
burning rates (but not thle burn times) of thle two different sized NOSOL 363
sainpL~es were idemit ical . The proportional options showed a very slight
increase iii slope over tile conlstn opin tsvo m ana12
increase at s/v of 5 cmi1. Thi:, compares well with the results fromn the

10 ciiipar.(ois anld ma fld ct ta tl heat ls pin r osset
be~wua a~i an, sow ropllatsLtitheir rsls

A not-, of cautiion is in order concerning our interpretationi of- the
NOSOL 303 dalta. T1IC M-11) wenlt from 10%-90% Pna iii about 1.5 milLi-
seconds. The NOSOL 363 with thle large web covered the same event in about
9.5 miillisieconds. We are examinin'g the possibiLity that thle inifinite heat

in ssumpt ion was not valiid over thle incereased time pas

our locail discrepancy betwuen tihe computed burninig rate data obtained
in the 200 cc boilh an1d the fixture made [roim the breech section of a 0.50
caliber gunl Was Stll disturbng Was it possible that tncreased thermlal
conductivity from the brass cartridge case could be responsible for the
increase in computed horni rates? The decision was made to replace. the steel

onL Is Lwith a brass coil for shots with thle M4-10 at 0.3 g/cc and s/v of I and
3 cmi . The results showed almost no0 difference from the burning rat~e
curves reduced from tile, steel colL firings. The :onsitant Option results
that (!A1i10 froml using tile brass coil wert- identical to those from thle steel
coils. The proportional resltis from tLhe brass coils at a s/v of three were
very close to the results fromn tihe steel coils; at a s/v of five. This was
as; expected (tie to the higher thermal diffusivity of the brass. At this
time, tile initial discrep~ancy betweeni tile results is still unexplained.

For all this dliscussion oil derived bun;i rates9; tile primary purpose of
thle data [!: to predict gull systeff 1)enformlilce(. To that end, we took various
closed bomb buriling rate data from tLhis st udy and keyed it into an interior
batLiist ie code for iniput iaLt a 105-mm systeiii. AILl of tile burning rate data

caefrom a Loading density of0.3 g/c~c. The s/v ratios, were at one, th~ree,

welad sxstofbrigrc aataweevaried while the rest of the
parineersiiith 10-mmsysem ,!lialie covtaiLt. Vour of thle data sets

had esstihan a 1% chiange in peak pressure anid muzzle velocitLy. These were
cosant ealos reductions and (lie one, proportiola L option at

s/ f 1 r cm- . lilput of data fromn thle propor tional option at s/v of 3 cm'1
showed an illerease of 8% inl peak pressur land a 3R. iincrease iii muzzle

ye locity over tile. data Crom s/v of 1 caII .'iealoito increase a

greater, 177. and 4m1 re-spect ive-ly, at s/v of 5 cmi-

These fitgures se rye to point OUt that, for clo~sed bomb burning rate
d atLa used for Interior bill Iistic. pred ict Inns, heat Loss problems s ay be

iiim~e y tlus favessel wihas/v 1erIc- aild treatinig the
heat loss factor in a ,o.iviLilistic imaililr . Conversely, gun performance
predictionls may be ser toaisty affected by the iise of derived burning rate
data obtained witli a vcssol buyitig a Large s/v.
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IV. CONCLUSIONS & RECOMMENDATIONS

While the reduction of closed bomb data is not a simple task-, the heat
loss aspect of the reduction does not seem to be a very sensitive area.
This is provided that the vessel in use for the closed bomb operation has a
low surface area to volume ratio and the propellant fired has fairly rapid
burning rate. It may be possible to extend this observation to much slower
granulations but further experimentation is necessary.
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APPENDIX

"After the initial presentation of this paper at the 21st JANNAF

Combustion Meeting, some ideas and observations were brought up by some

members of the propellant community.

A. Data Presentation

An alternate method of presenting the data was proposed, plotting s/v
ratios versus burning rates at various pressures. It was argued that

plotting the data in such a way would more readily reveal the surface area

effects on the derived burning rates. Two plots of this method of data

presentation are shown in Figures A-i and A-2. As can be seen in Figure

A-i, which plots s/v vs. burn rate at 0.3 g/cc for the constant heat loss

, option, the lines maintain a constant slope of zero at alL pressures. The

, I, constant zero slope indicates no s/v effects on the derived burning rates.

In Figure A-2, however, in which data are plotted from the proportional heat

loss options, an increase in slope is noted, indicating a dependence of

0 derived burning rate on s/v ratio. The proposed method of presentation, as

suggested, highlights the observed differences for the burning rate vs. s/v
effects.

B. Tabular Thernochemical Input and Proportional Reat Loss Option

V" "' The suggestion was also made that the discrepancies between the derived

burning rates, which increased as the s/v increased, could be reduced

through the use of the tabular thermochemical input option in CBRED when

using the proportional heat loss option.

Figure A-3 compares the derived burning rates from the reductions that

had a loading density of 0.3 g/cc and s/v=1 cm-I. The figure indicates

that, while there is no apparent difference between the proportional and

constant heat loss options using average thermochemus, the use of tabular

thermochemistry does show a slight difference at a s/v of i cm -. The
comparison of data from the exper'iments that had a s/v of 5 cm 1 can be

observed in Figure A-4. This plot indicates that the use of tabular

thermochemical input decreases the discrepancy between the derived burning

rates computed via average thermochemistry with either the constant or

X -proportional heat loss option. Finally, Figure A-5 compares the derived
burning rate results from data taken with a s/v of t cm-' and 5 cm1-, and

reduced using the proportional heat loss option and tabular thermochemical

"input. The derived burning rate data from s/v of 5 cm-1 still faLls above

that from s/v of I cm- 1 , although the spread is about half as great as that

from similar reductions using average thermochemistry.
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This Laboratory undertakes a continuing effort to improve the quality of the
"reports it publishes. Your comments/answers to the items/questions below will
"aid us in our efforts.
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other area of interest for which the report will be used.)
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reports? (Indicate changes to organization, technical content, format, etc.)
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